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1. Abstract 
Previous literature has identified vertical molybdenum sulfide (MoS2) as a high performing 
heterogeneous electrocatalyst for hydrogen evolution reactions (HER) with high stability and precious 
metal free composition. Previous literature has grown MoS2 on substrates such as gold and glassy carbon 
which, while viable for lab work, is cost prohibitive in scale-up for manufacturing. In this work, high 
density vertical MoS2 was synthesized through chemical vapor deposition (CVD) method on economical 
substrates (molybdenum and carbon foil) to facilitate future scale-up. Characterization by scanning 
electron microscopy (SEM), raman spectroscopy, and x-ray diffraction (XRD) confirms the growth of 
MoS2 on these economical substrates. Electrochemical measurements reveal that the MoS2 produces an 
above-average exchange current density of 3.29 * 10-5 A/cm2. Further electrochemical characterization 
was performed with electrochemical impedance spectroscopy to gain insight into the resistances 
impacting the HER performance of the as-grown MoS2. Electrochemically active surface area (ECSA) 
was estimated on synthesized MoS2 samples with cyclic voltammetry and a ferrocene/ferrocenium redox 
reaction. Polarization curves in combination with the ECSA reveal a turnover frequency (TOF) of 35 s-1 at 
-0.25 VRHE demonstrating a high intrinsic catalytic activity by the synthesized nanoflakes on both carbon 
and molybdenum foil.  
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2. Introduction 
An ever-growing demand for sustainable and clean energy has led to work towards to replacing the 
high performing but expensive metal platinum in hydrogen evolution (HER)[1]. Produced without carbon 
emission, hydrogen from water electrolysis has several important applications such as fertilizer 
production, fuel cell vehicles, electricity storage, and semiconductor manufacturing. Two dimensional 
transition metal dichalcogenides (TMDs) have been identified as potential platinum replacements due to 
their electrochemical and photochemical performance while also being composed of abundant 
elements[2]. Among these TMDs, one of the most promising for HER is molybdenum sulfide (MoS2) due 
to its activity and stability for HER [3, 4]. It has been shown that MoS2 transitions from indirect to a 
direct band-gap when reduced to a monolayer which increases light absorption [5]. In addition to this, it 
has been shown that the active sites for HER on MoS2 are located on the edges while the basal plane 
remains inert for HER [6]. These two advancements have led to extensive research and characterization of 
few-to-mono layer MoS2 while optimizing the amount of edges exposed [7-9]. Several methods have 
explored in synthesizing MoS2 including liquid exfoliation[10], physical vapor deposition (PVD)[11], and 
chemical vapor deposition[8, 12] . The CVD method has shown great promise due to the ability to finely 
control the synthesis conditions and the resulting growth [13, 14]. This has been done on many novel 
substrates such as gold foil [15], glassy carbon [16], and graphene[4]. An issue with many of the 
substrates is due to their novelty and rarity they are only relevant in a lab setting lacking a critical aspect, 
scalability.  
In this work, vertical MoS2 nanoflakes were grown directly on these economical substrates through CVD 
method:  Silicon/Silicon Dioxide (Si/SiO2), Molybdenum (Mo) foil, and Carbon foil. Synthesis conditions 
allowed for high density vertical nanoflakes exposing the active edges. The samples demonstrate an 
excellent current exchange density as high as 3.0 * 10-5 A/cm2 and in turn a turnover frequency of 35 s-1 at 
a potential of -0.25 VRHE. This work characterizes the composition and morphology of the as-grown MoS2 
and relates it to their high intrinsic activity. The present work illustrates a method of synthesis to obtain 
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intrinsically active vertical MoS2 nanoflakes on economical substrates, which is promising for large scale 
affordable HER. 
 
3. Experimental Methods 
2.1 Preparation and Synthesis 
 The MoS2 was grown on three substrates, Si/SiO2 (University Wafer, #2946), molybdenum foil 
(Alfa-Aesar, #46943), and carbon foil (Good Fellow, #234-174-34). Before synthesis the Si/SiO2 
substrates were sonicated in a 1:1:1 cleaning solution (IPA, Acetone, and Water) for 15 minutes. This was 
followed by sonication in piranha solution (3:1, concentrated sulfuric acid & 30% hydrogen peroxide) for 
15 minutes. The molybdenum foils were soaked in dilute hydrochloric acid, then acetone, and ethanol for 
10 minutes each [8]. Carbon foils were cleaned by soaking in 1:1:1 solution for 15 minutes.  
Synthesis was carried out through CVD in a horizontal quartz tube with a one-zone tube furnace. Two 
ceramic boats were loaded into the quartz tube approximately 13 cm apart, one with 750 mg of sulfur 
(≥99.5%, Sigma-Aldrich, used as received) which was placed outside of the one-zone furnace with an 
external heat source. In the other boat was 120 mg of molybdenum oxide (MoO3, ≥99.5%, Sigma-
Aldrich, used as received) with the substrate (approximately 2.0 cm x 1.0 cm) laying horizontally above 
the MoO3 source. Figure 1 depicts this setup. Once the carbon or molybdenum foil was loaded the system 
it was purged with 500 sccm of Argon (Ar) for 10 minutes to limit the amount of oxygen in the tube. The 
Ar flow was reduced to 100 sccm. The furnace was then heated from room temperature (25oC) up to 850 
oC in 40 minutes. After 30 minutes of the furnace heating up the external heat source was heated up to 
200oC from room temperature. The furnace was held at 850 oC for another 40 minutes then allowed to 
cool down naturally. For Si/SiO2 there was no external heat source - the sulfur was instead placed inside 
the tube furnace, approximately 10 cm from the MoO3 source. The furnace was heated up for 750 
oC and 
held at 750 oC for 10 minutes. Once cool, the substrates with the MoS2 growth were collected. 
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Figure 1 - Schematic of MoS2 nanoflake synthesis 
 
2.2 Characterization 
The morphology of MoS2 on various substrates was characterized using scanning electron 
microscope (SEM, JEOL 7000F, 10 kV). Raman spectroscopy (Horiba Scientific, USA) and X-ray 
Diffraction (XRD, PANalytical Empyrean, Cu-kα, 45 kV, 40 mA) were used in order to confirm that the 
growth was MoS2. Raman was operated with a 532 nm laser, focused on the sample with a 100x 
magnification lens, 1800-line grating, and an accumulation time of 2s and 20 repetitions.  
2.3 Electrochemical measurements 
 MoS2 electrodes were made with conductive substrates, molybdenum and carbon foil, and 
prepared by bonding a nickel-chromium alloy wire to the sample with silver epoxy paste (Ted Pella, 
#16043), and non-conductive epoxy (Loctite 1C). Electrochemical measurements were then performed in 
a standard three electrode cell in 0.5M H2SO4 as shown in Figure 2 below. The counter electrode used 
was a platinum wire and the reference a saturated calomel electrode (SCE).  No electrochemical 
measurements were made on Si/SiO2 substrates due to the insulating nature of the material. 
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Figure 2 - Schematic of three-electrode electrochemical cell to test MoS2 performance 
All measurements made with SCE were converted to reversible hydrogen electrode (RHE) using equation 
1 below: 
VRHE = VSCE + 0.059 ∗ pH + 0.244   (1) 
Samples’ performance was tested with linear sweep voltammetry (LSV) with a sweep rate of 10 mV/s 
from 0.0 to -0.8V SCE (approximately 0.2 to -0.6V RHE).  
In order to determine the electrochemically active surface area (ECSA) cyclic voltammetry (CV) was 
taken at 5 scan rates (25, 50, 100, 250, 500 mV/s) in a solution of 1.0 mM potassium hexacyanoferrate 
(III) (K3[Fe(CN)6]) and 0.1M potassium chloride (KCl).  A plot of current versus the square root of scan 
rate in combination with Randles-Sevcik equation allowed for ECSA to be found with equation 2: 
𝐼𝑃 = 2.69 ∗ 10
5  ×  𝐴𝐸𝐶𝑆𝐴 × 𝑛
3/2 × 𝐷1/2 × 𝐶𝑣1/2  (2) 
Where IP is the peak anodic current, AECSA is the electrochemically active surface area, D is the electrolyte 
diffusion constant (D= 6.2 x 10-6 cm2/s) [17], n is the number of electrons transferred (n=1 for this 
reaction), C is the concentration of electrolyte (C=0.0001 mol/cm3), and v is the scan rate. This can be 
rearranged to find AECSA while using the slope of a current versus the square root of scan rate plot [17]: 
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𝐴𝐸𝑆𝐶𝐴 =
𝑆𝑙𝑜𝑝𝑒 
2.69×105×𝑛3/2×𝐷1/2×𝐶
  (3) 
The turnover frequency (TOF) was estimated from the ECSA in combination with current density values 
at different voltages. Turnover frequency was calculated from equation (4): 
𝑇𝑂𝐹 (𝑠−1) =
𝐽∗𝑁𝐴
2∗𝐹∗𝑛∗𝐸𝐶𝑆𝐴
    (4) 
Where J is the current density at a specific voltage, NA is Avogadro’s number (6.022 x 10
23                                                
 
H2 molecules/mole), F is the Faraday constant (96485 C/mol) and n is the number of active sites per 
geometric area. Due to the difficulty of measuring n an assumption was made that it could be estimated 
from previous research to be 1.28 x 1014 active sites/cm2geo [18]. Since TOF is a function of voltage, TOF 
versus potential can be plotted in order to determine the intrinsic electrochemical activity of the MoS2.  
4. Results and Discussion 
 
4.1. Synthesis and Characterization 
 
The synthesis process as discussed in the experimental section yielded uniform and vertically oriented 
MoS2 nanoflakes. Typical results from the synthesis on each substrate can be seen in Figure 3a-f. As 
mentioned previously, the active sites of MoS2 for HER have been shown to be the edges. The growth has 
a high density of vertical flakes exposing a greater amount of edges thus improving HER performance. 
The higher magnification images on carbon and molybdenum foil reveal a layer of non-vertical growth 
underneath the vertical nanoflakes. A proposed growth mechanism for MoS2 nanoflakes suggests that 
vertical flakes are formed from horizontal layers being pushed together after covering the substrate [19]. 
That fact combined with rough nature of the substrates (see Appendix A Figure 1), may be causing the 
non-vertical growth by a horizontal layers pushing together at an angle. XRD and Raman were utilized in 
order to confirm that both the non-vertical growth and vertical growth were MoS2.  
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Figure 3 – (a) & (b): Typical SEM surface images for MoS2 on Si/SiO2. (c) & (d): Typical SEM surface 
images for MoS2 on molybdenum foil. (e) & (f): Typical SEM surface images for MoS2 on carbon foil. 
 
The typical Raman spectra, as seen in Figure 4a., clearly shows that the material on the carbon and 
molybdenum foil is MoS2. There are two distinct peaks at 383.8 and 411.7 cm
-1 which relates to the E12g 
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and A1g modes of MoS2, respectively [20]. In addition, Figure 4b. shows the XRD pattern where each foil 
sample has the signature peak of the (002) plane of MoS2 at 14.3 degrees (PDF #: 00-037-1492). The 
other sharp peaks seen match the peaks taken from bare carbon foil and molybdenum foil as seen in red 
and blue, respectively. 
Figure 4 – (a): Typical Raman spectrum on both Mo and Carbon foil. (b): XRD pattern, Carbon foil 
sample in red, Mo Foil sample in blue, MoS2 standard in black. 
 
4.2. Electrochemical Measurements 
The electrochemical performance of the as-grown MoS2 was first tested with LSV. Figure 5a. shows 
the resulting J-V curve for MoS2 on both Mo and carbon foil. The vertically grown MoS2 nanoflakes 
greatly improved the performance compared to the bare substrates. A current density of -10 mA/cm2 was 
reached at -0.39 VRHE and -0.42 VRHE on carbon and Mo foil, respectively. Depicted in Figure 5b. is the 
tafel plot for MoS2 on each substrate. MoS2 on carbon foil had a tafel slope of 165 mV/dec and 171 
mV/dec on Mo foil. The potential required to reach 10 mA/cm2 and the tafel slope are underwhelming 
compared to both platinum and past work on MoS2 as shown in Figure 10. Despite this the exchange 
current density in both samples is remarkable. The Mo foil sample seen in Figure 5 had an exchange 
current density of 3.29*10-5 A/cm2. While the carbon foil sample had an exchange current density of 
1.03*10-5 A/cm2. This is an entire order of magnitude higher than an already high exchange current 
density from past work on vertical MoS2 [7]. The onset potential (potential required for -1 mA/cm
2) for 
MoS2 on carbon foil is -0.13VRHE and -0.25VRHE for Mo foil. These onset potentials are comparable to the 
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past work mentioned previously. The low onset potential, high overpotential requirement, and excellent 
exchange current density gives further insight to the structure of the synthesized MoS2. The non-vertical 
layer seen underneath the vertical flakes in Figure 3f. as confirmed before is indeed MoS2 and is 
conducive for HER to give the sample the good onset potential. However, that non-vertical layer that is 
neither completely horizontal or vertical has much less exposed edges than the vertical flakes on top of it 
making it difficult for electron transfer to occur. Once enough potential is provided it is easier to 
overcome the non-vertical layer and reach the highly catalytic vertical flakes where the high exchange 
current density occurs.  
Figure 5 – (a): J-V curve in 0.5M H2SO4 solution at a scan rate of 10 mV s
-1. (b): Corresponding Tafel 
plots of MoS2 on Mo and Carbon Foil. 
 
Further characterization was performed by finding the resistances through EIS as seen in the Nyquist plot 
(Figure 6) below. The equivalent circuit used to fit the EIS data was a 2 CPE circuit where Rs is the 
solution resistance, RCT is the charge transfer resistance, and RC is the contact resistance.  
10 
 
Figure 6 – Nyquist Plot for typical MoS2 samples on both Mo and Carbon foil with the equivalent 2 CPE 
circuit. 
Figure 7 below shows the calculated resistances of the 2 CPE equivalent circuit for both Mo and carbon 
foil samples. As expected from the J-V curve there is a large resistance in the charge transfer. Compared 
to similar work the charge transfer resistance is nearly twice as much, suggesting interference from the 
non-vertical growth layer in HER performance [16]. 
Table 7 – Calculated resistances from 2 CPE equivalent circuit for both substrates. 
As previewed earlier the electrochemically active surface area was determined through a 
ferrocene/ferrocenium (fc/fc+) redox couple using CVs at different scan rates. Figure 8a-d. shows the 
redox reaction and the corresponding Randle-Sevcik plot (peak current vs. scan rate1/2) to find the ECSA. 
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It is worth noting a major assumption here is that the fc/fc+ redox reaction occurs at the same sites on 
MoS2 as HER. Past work has used this redox couple to determine the electrochemically active surface 
area on MoSX compounds [17]. On the Mo foil sample, the ECSA was calculated to be 0.61 cm
2 (actual 
area of substrate = 1.0 cm2). And the carbon foil sample had an ECSA calculated to be 0.94 cm2 (actual 
area = 1.2 cm2). The calculations can be found in Appendix B. In both cases the electrochemically active 
surface area is less than the actual area that the MoS2 covers confirming that not all of a MoS2 particle or 
flake is catalytically active. 
 
Figure 8 – (a) & (c) Cyclic Voltammetry curve for MoS2 on Mo and Carbon foil, respectively, at five scan 
rates (25, 50, 100, 250, 500 mV s-1). (b) & (d): Peak Current (Ipeak) versus the square root of the scan rate 
(v1/2) from plot (a) & (c), respectively. 
 
Now with both the ECSA and the J-V curves the TOF can be determined. TOF is a common method in 
determining the intrinsic activity of an electrocatalyst [21]. TOF in this case represents the number of H2 
molecules produced per second at each active site. It is important to note that the turnover frequencies are 
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estimated and not exact for these samples. The value of n in calculating TOF is highly estimated as the 
amount of active sites per geometric area is not easily retrievable. It was estimated by multiplying the 
active sites per actual area (#sites/cm2real) by the ECSA where the #sites/cm
2
real is used from previous 
literature [18].This is in addition to the ECSA being estimated from a fc/fc+ redox couple. Figure 9 shows 
the turnover frequency at relevant voltages for both MoS2 on carbon and Mo foil.  
 
Figure 9 – Turnover Frequency as a function of overpotential for MoS2 on carbon and Mo foil. 
The benchmark for MoS2 electrocatalysts is a turnover frequency of 10 s
-1 at -0.16 VRHE [21]. At that 
overpotential the MoS2 Mo foil has a TOF of 6.7 s
-1 which quickly approached 10 s-1 at -0.18 VRHE. MoS2 
on carbon foil has a remarkable TOF of approximately 25 s-1 at -0.16VRHE. At an overpotential of -0.25 
VRHE, in the kinetically controlled range of HER, both materials have a TOF of 35 s
-1. These impressive 
turnover frequencies, despite the lackluster J-V performance, demonstrates the high intrinsic activity of 
the grown MoS2 flakes. Figure 10 below summarizes this story by comparing the MoS2 samples from this 
work to past literature. As discussed earlier while the tafel slopes from this work are underwhelming in 
comparison the high exchange current density and TOF is promising regarding future work.  
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Figure 10 – Table of Merit for HER activity of MoSX materials 
5. Conclusion 
 
In summary, this work has presented a method through CVD to produce high density vertical MoS2 
on economical conductive substrates such as molybdenum and carbon foil and on Si/SiO2 where it can 
be easily transferred to other materials. Electrochemical measurements in a 0.5M H2SO4 solution 
revealed a high exchange current density from these MoS2 nanoflakes. These electrochemical 
measurements in conjunction with the estimated electrochemically active surface area show that the 
turnover frequency, or rate of H2 production, is a remarkable 35 s-1 at -0.25 VRHE on both molybdenum 
and carbon foil. This work demonstrates the possible viability of an economical scale-up of MoS2 in HER 
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to replace the precious metal, platinum. Future research that could not be included in this work due to 
time constraints is an electrochemical comparison of the as-grown vertical MoS2 to drop-casted 
horizontal MoS2 to show how the material’s orientation to the substrate impacts HER performance. In 
addition, the TOFs presented in this work are estimated values and more research can be performed in 
order to calculate more accurate TOF values. 
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7. Appendix 
7.1. Appendix A – Bare Foils 
 
Appendix A Figure 1 – (a): SEM of bare Carbon foil. (b): SEM of bare Mo foil 
 
7.2. Appendix B – ECSA & TOF Calculations 
 
 Molybdenum Foil: 
  ECSA: 
𝐴𝐸𝑆𝐶𝐴 =
𝑆𝑙𝑜𝑝𝑒 (𝐼 𝑣𝑠.  𝑣
1
2)
2.69 × 105 × 𝑛
3
2 × 𝐷
1
2 (
𝑐𝑚2
𝑠
) × 𝐶 (
𝑚𝑜𝑙
𝑐𝑚3
)
 
𝐴𝐸𝑆𝐶𝐴 =
0.0412
2.69 × 105 × 1
3
2 × (6.2 × 10−6)
1
2 × 0.0001
= 0.615 𝑐𝑚2 
   TOF (at -0.25 VRHE): 
𝑇𝑂𝐹 (𝑠−1) =
𝐽 (
𝐴
𝑐𝑚𝑔𝑒𝑜
2 )∗𝑁𝐴(
#
𝑚𝑜𝑙
)
2∗𝐹(
𝐶
𝑚𝑜𝑙
)∗𝑛(
# 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠
𝑐𝑚𝑟𝑒𝑎𝑙
2 )∗𝐸𝐶𝑆𝐴(𝑐𝑚𝐸𝐶𝑆𝐴
2 )
   
𝑇𝑂𝐹 (𝑠−1) =
0.88×10−3∗6.022 ×1023
2∗96485∗1.28×1014∗0.615
= 34.9 𝑠−1   
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Carbon Foil: 
 
𝐴𝐸𝑆𝐶𝐴 =
0.0632
2.69 × 105 × 1
3
2 × (6.2 × 10−6)
1
2 × 0.0001
= 0.944 𝑐𝑚2 
 
𝑇𝑂𝐹 (𝑠−1) =
1.3×10−3∗6.022 ×1023
2∗96485∗1.28×1014∗0.94
= 35.3 𝑠−1   
